We apply for the first time the time-dependent convection (TDC) treatment of Gabriel and Grigahcène et al. to the mode identification and seismic study of δ Sct stars. We consider the influence of this treatment on the photometric amplitude ratios and phase differences, and compare our TDC results to frozen convection (FC) results. We also compare the results obtained with different values of the mixing-length (ML) parameter α. Finally, we identify the modes and perform a seismic study of the stars V784 Cassiopeae (Cas), 1 Monocerotis (Mon) and 28 Andromedae (And), and show that our TDC models agree better with observations than FC models.
I N T RO D U C T I O N
δ Sct stars are variable A-F type stars located at the intersection region between the classical instability strip and the main sequence. Their pulsation periods ranges from 0.5 to 6 h and correspond to low order p and g, radial and non-radial modes. Many of these stars are multi-periodic, which makes them very good targets for asteroseismology. However, the mode identification (the first step of any seismic study) is particularly difficult for δ Sct stars. First, their frequency pattern is very complex because of the avoided crossings and the effect of rotation (often fast for these stars), so that mode identification based on their frequencies alone is impossible (contrary to solar-type oscillations). Secondly, photometric mode-identification techniques are very sensitive to the modelling of convection. Thirdly, the coupling of the modes due to rotation complicates both spectroscopic and photometric mode identifications, at least for fast rotators. In this paper, we consider the problem of convection, and we show that the use of time-dependent convection (TDC) models give theoretical amplitude ratios and phase lags in much better agreement with observations, which improves the reliability of photometric mode-identification methods for δ Sct stars.
Photometric observations of the amplitudes and phases in different colour passbands enable us to identify the degree of the modes. Two important theoretical ingredients in these methods are the amplitude ( f T ) and phase (ψ T ) of local effective temperature variation for a normalized radial displacement. Garrido, Garcia-Lobo & Rodriguez (1990) and Garrido (2000) applied the method of Watson (1988) to δ Sct stars, considering f T and ψ T as free parameters. Still for δ Sct stars, Balona & Evers (1999) and Daszyńska-Daszkiewicz, Dziembowski & Pamyatnykh (2003) determined f T and ψ T using E-mail: MA.Dupret@obspm.fr the non-adiabatic code of Dziembowski (1977) in which the diffusion approximation is assumed. Dupret et al. (2003a) and Moya, Garrido & Dupret (2004) included the improved perturbed atmosphere modelling of Dupret et al. (2002) in their computations. All these authors showed that for δ Sct stars, the non-adiabatic theoretical predictions are very sensitive to the value adopted for the mixing-length (ML) parameter α. The use of the convection theory of Canuto, Goldman & Mazzitelli (1996) has also been considered: Barban et al. (2003) computed new limb-darkening coefficients based on the atmosphere models by Heiter et al. (2002) , and Dupret et al. (2004b) considered the inclusion of these new atmosphere models in their non-adiabatic computations. In all the above studies, a frozen convection (FC) approximation has been adopted. Dupret et al. (2004a Dupret et al. ( , 2005 showed that, with the TDC treatment detailed in Grigahcène et al. (2005) , it is possible to explain the location of the theoretical red edge of the δ Sct instability strip for radial and non-radial modes. For the first time, we present in this paper the application of TDC models to the study of the photometric amplitude ratios and phase differences in δ Sct stars.
I N T E R NA L S T RU C T U R E M O D E L S
The equilibrium stellar models have been computed by the evolutionary code CLÉS (Code Liégeois d'Évolution Stellaire). It uses the standard MLT for convection calculations, the OPAL opacities (Iglesias & Rogers 1996) completed at low temperatures with the opacities of Alexander & Ferguson (1994) , the CEFF equation of state (Christensen-Dalsgaard & Däppen 1992) and the atmosphere models of Kurucz (1998) as boundary conditions. When not specified, the models of this study are computed with the global parameters X = 0.7, Z = 0.02 and convective core overshooting α ov = 0.2.
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I N F L U E N C E O F T D C O N N O N -A D I A BAT I C O B S E RVA B L E S
In a linear one-layer approximation, the theoretical monochromatic magnitude variation of a non-radial mode is given by δm λ = − 2.5 ln 10 P m (cos i)b λ [−( − 1)( + 2) cos(σ t) + f T cos(σ t + ψ T ) (α T λ + β T λ ) − f g cos(σ t) (α gλ + β gλ )].
(1)
Some coefficients of equation (1) depend on the equilibrium atmosphere model:
h λ (µ)P d µ (where h λ (µ) is the normalized monochromatic limb-darkening law), α T λ = ∂lnF λ /∂lnT eff | g , α gλ = ∂lnF λ /∂lng| T eff , β T λ = ∂ln b λ /∂lnT eff | g , β gλ = ∂ln b λ / ∂lng| T eff . Other coefficients: f T and ψ T (defined in Section 1) can only be obtained by non-adiabatic computations. f g is the relative amplitude of effective gravity variation for a normalized radial displacement. Linear pulsation models do not give the absolute amplitudes. Theoretical amplitude ratios and phase differences between different photometric passbands can be determined by integrating equation (1) over the passbands and taking the complex ratios. This equation depends directly on the spherical degree of the modes. Therefore, confrontation between the theoretical and observed amplitude ratios and phase differences enables us to identify . Moreover, as f T and ψ T depend on the non-adiabatic pulsation models, comparison with observations enables us to constrain these models, a procedure we call non-adiabatic asteroseismology.
δ Sct stars at the blue side of the instability strip have two very thin superficial convective zones coinciding with the partial ionization zones of He II and H. Towards the red edge of the instability strip, these two thin convective zones merge into one single convective envelope (CE) whose size increases quickly as T eff decreases. In non-adiabatic models, the coupling between the dynamical and thermal pulsation equations is taken into account. In particular, the perturbation of the radiative and convective flux must be determined in the CE. Most of the time, the perturbation of convection is neglected, which is the FC approximation.
1 However, this approximation is not justified for δ Sct stars because the lifetime of the convective elements is shorter than the pulsation periods in a significant part of their CE. The main goal of this paper is to present for the first time the theoretical photometric amplitude ratios and phase differences obtained with TDC models and to compare them with FC models.
For the results obtained with TDC treatment presented in this section, only the perturbation of convective flux is taken into account. Similar results are obtained when the perturbations of turbulent pressure and dissipation rate of turbulent kinetic energy are also taken into account. We begin by giving in Fig. 1 the evolution from ZAMS to TAMS of f T and ψ T as function of T eff , for the fundamental radial mode and models with M = 1.8 M , Z = 0.02 and different values of α. We compare the results obtained with TDC and FC models. Main differences occur for ψ T . At the blue side of the instability strip (T eff 8000 K), the different models give similar results. But as T eff decreases, the size of the CE increases so that different convection models give very different ψ T . Typical observed values of ψ T for δ Sct stars are between 90
• and 140
• , which agree with our TDC theoretical predictions. In contrast, the 1 Different FC approximations exist (Pesnell 1990 ). The case considered in this paper is to ignore the Lagrangian variations of convective luminosity, turbulent pressure and dissipation rate of turbulent kinetic energy. low values of ψ T encountered for the cold FC models with large α are unrealistic. Models with masses and metallicities different from the ones of Fig. 1 give similar results for a given T eff and α. For a given model, f T and ψ T are also dependent on the pulsation frequency. In Fig. 2, we give the values of ψ T as function of the constant of pulsation Q = P (R /R) 3 (M/M ) (P is the period in days, for the fundamental radial mode Q 0.033 d, τ dyn /τ dyn, = (R/R ) 3 (M /M) = 3.104282 for this model). We compare the results obtained with TDC and FC non-adiabatic models and modes with 0 3 and m = 0. Equilibrium models have Fig. 2 are predicted to be unstable. Again, we see a significant difference between the TDC and FC phase lags. This difference increases with α, simply because the size of the CE, and thus the sensitivity to the convection treatment, increases with α. The phase lag depends heavily on the period in the TDC case. ψ T 100
• near the fundamental radial period, then it increases as the period decreases, up to values around the adiabatic 180
• when the stable region (Q 0.0125 for the α = 1.8 model) is reached.
In order to understand the origin of the difference between the TDC and FC phase lags, we give in Fig. 3 the phase difference between the total luminosity variation and the radial displacement (φ(δL) − φ(δr )) (in degrees) as a function of log T , for the fundamental radial mode and the same models as in Fig. 2 . The left panel gives TDC results and the right panel gives FC results. In the deep regions (log T > 5), the pulsation is quasi-adiabatic with a phase lag of 180
• . Then, the first phase lag quasi-independent of the convection treatment occurs in the partial ionization zone of He II (4.9 log T 4.6). Finally, a phase lag appears in the partial ionization zone of H (4.2 log T 4). The latter is very large for cold FC models with large α, which leads to phase lags close to 0
• at the surface, while on the contrary, it is much smaller for TDC models. We also see that the TDC phase lags are less sensitive to α than the FC ones. The occurrence of the phase lags can be interpreted as follows. In δ Sct models, φ(δr ) is quasi-constant (except around the nodes) and most of the phase lag comes from variations of φ(δL). Using the equation of energy conservation and φ(δL) = (ln (δL)), we have for a radial mode:
From this equation, we see that significant phase lag can occur if the thermal relaxation time is significant compared to the pulsation period (case of the He II partial ionization zone) and/or the pulsation is highly non-adiabatic (case of the H partial ionization zone). The sensitivity of the FC results to α can be understood as follows (see also Moya et al. 2004 ). In the FC approximation, {δs L/(c v δL)} is large in the convective zone coinciding with the H partial ionization zone (HCZ), therefore large phase lags occur in this zone, according to equation (2). When α increases, the mass of the HCZ increases quickly. As there is an integration over the mass in equation (2), the phase lag appearing in this zone increases with α. The large values of |δs/c v | occurring in the HCZ and FC case are not allowed by TDC models because they would lead to large superadiabatic gradients and thus too large variations of the convective flux. Therefore, the phase lags in the HCZ are smaller in the TDC case than in the FC case. As α increases, convection becomes more efficient and TDC models force |δs/c v | to be even smaller in this zone; this counterbalances the increase of the HCZ mass with α, so that the TDC phase lags are less sensitive to α than the FC ones. The phase lag occurring in the partial ionization zone of He II is not sensitive to α because the fraction of energy transported by convection is negligible in this zone. The return of the phase lags to 180
• in TDC models towards the red edge of the instability strip (see Fig. 1 According to equation (1) and using the values of f T and ψ T computed by our non-adiabatic pulsation code, we can determine the amplitude ratios and phase differences of magnitude variation in different photometric passbands. Classical diagrams used for photometric mode identification with the Strömgren photometry (Garrido et al. 1990) Fig. 4 . The curves give the values of these quantities along the evolution sequence of stellar models with M = 1.8 M , Z = 0.02, α = 1.5 and effective temperatures from 8200 K (•) down to 7100 K (•). Solid lines are for TDC models and dotted lines for FC models. Results are given for modes of degrees = 0, 1 and 2; for each , we selected the mode with frequency closest to the one of the fundamental radial mode. As expected, there is no significant difference between TDC and FC results for hot models. On the contrary, for cold models at the red side of the instability strip, the differences are significant in view of typical observational error bars (a fraction to a few degrees for the phases and a few per cent for the amplitudes). 
represent in abscissa the phase difference φ(b − y) − φ(y) and in ordinate the amplitude ratio A(b − y)/A(y). Such a diagram is represented in
A P P L I C AT I O N S
We now consider the applications to different specific δ Sct stars. The main goal of this paper is to confront the predictions of our non-adiabatic models to the observed amplitude ratios and phase differences. Moreover, we have shown in Section 3 that the main difference between FC and TDC theoretical results is in the phase lag ψ T for models at the red side of the instability strip. Therefore, we chose to study the δ Sct stars for which the most precise multicolour photometric amplitudes and phases are available, for which (if possible) simultaneous spectroscopic and photometric observations were performed (giving the phase difference between the light and velocity curves) and located at the red side of the instability strip.
As the modelling of the rotation-pulsation interaction and the influence of rotation on the equilibrium models remains subject to uncertainties and is not taken into account in our study, we selected stars with small or moderate v sin i. We do not study stars with too many frequencies, for which the estimate of the amplitudes and phases could be biased by unresolved modes. Also, we do not consider monoperiodic high-amplitude δ Sct stars for which the light curve is strongly non-linear, because our pulsation modelling is linear.
The methodology of our non-adiabatic seismic study is the following. First, we identify the degree of the modes by confronting the theoretical and observed amplitude ratios and phase differences for some models. Secondly, we compute a large grid of models with different M, T eff , α and Z inside the global parameters observational error box. If one of the modes is identified as radial, we only consider models fitting exactly the frequency of this mode (considering it either as the fundamental or as the first overtone). Then, we perform non-adiabatic computations with TDC and FC treatments for all these models and determine the theoretical amplitude ratios and phase differences between different photometric passbands. For the stars with simultaneous spectroscopic and photometric observations, we also determine the theoretical phase lag between the velocity and the light curves. For the confrontation with multi-colour photometric observations, we use the following discrimant:
where N + 1 is the number of filters, A and φ o i are the theoretical and observed phase differences between the filters i and i 0 , and σ ai and σ φi are the standard errors for the observed amplitude ratios and phase differences. Comparing the discriminants obtained for different models enables us to determine which convection models agree best with observations. The seismic study presented in this paper is concentrated on the fitting of the amplitude ratios and phase differences more than on the fitting of the frequencies; frequency fitting including the effect of rotation will be considered in future works.
In the applications, we adopt the following conventions for the different non-adiabatic treatments of the convection-pulsation interaction: TDC1 stands for time-dependent convection models including only the perturbation of convective flux; TDC2 stands for timedependent convection models including the perturbation of convective flux, turbulent pressure and dissipation rate of turbulent kinetic energy into heat and FC stands for Frozen Convection models. The way the different terms of our TDC treatment are determined is detailed in Grigahcène et al. (2005) .
For the determination of the monochromatic flux derivatives and limb-darkening coefficients required in equation (1), we consider the results obtained with two different families of atmosphere models. On the one hand, we use the atmosphere models of Kurucz (1993) and the limb-darkening coefficients of Claret (2000) , in which the ML treatment of convection (α = 1.25) is adopted, we refer to them as MLT atmosphere models. On the other hand, we use the new atmosphere models of Heiter et al. (2002) and the limb-darkening coefficients of Barban et al. (2003) , in which the convection treatment of Canuto et al. (1996) is adopted, we refer to them as FST atmosphere models.
V784 Cassiopeae
The variability of V784 Cassiopeae (Cas) (HD 13122) was discovered by the Hipparcos satellite. This star was observed in the Johnson and Strömgren vby photometry and in medium-resolution spectroscopy between 1999 and 2001 by Kiss et al. (2002) 
Global parameters and equilibrium models
There is no Hβ measure for V784 Cas and the dereddening could not be estimated. Therefore, the photometric determinations of the effective temperature and gravity must be considered with caution. For the metallicity, Gray, Napier & Winklet (2001) noted that it is a mild Am star, the lines of Sr II λ4077 and λ4216 are enhanced. There is no abundance determination in the literature. The observed global parameters obtained with different calibrations are given in Table 1 .
In Table 2 , we give the global characteristics of some of the equilibrium models we considered for V784 Cas. As will be confirmed Table 1 . Observed global parameters of V784 Cas. Stütz & Nendwich (2002) , c Kurucz (1998) and d Smalley (1993) . e Luminosity is deduced from the Hipparcos parallax (Kiss et al. 2002) . e v sin i determinations are taken from e Kiss et al. (2002) and f De Medeiros & Mayor (1999) . Error bars are given in parentheses. Table 2 . Global parameters of some of the theoretical models adopted for V784 Cas. Models 1-8 fit f 1 as the fundamental radial mode and models 9-12 fit f 1 as the first overtone. . Amplitude ratios (top panels) and phase differences (bottom panels) for different models of V784 Cas. The lines are the theoretical predictions for different , and the error bars represent the observations for f 1 and f 2 (six left panels) and for f 3 and f 4 (two right panels).
in this study, the main frequency f 1 = 9.1565 c/d is clearly identified as a radial mode. However, because of the global parameter uncertainties, it is not clear if it is the fundamental mode or the first overtone. For each evolutionary sequence considered in our study, we selected the model fitting f 1 exactly as the fundamental radial mode and the colder model fitting f 1 exactly as the first radial overtone, which gives two families of models. In Table 2 , models 1-8 fit f 1 as the p 1 radial mode and models 9-12 fit f 1 as the p 2 mode. All the models of Table 2 are with X = 0.7 and core overshooting α ov = 0.2. We considered models with different values of the ML parameter α: 0.5, 1, 1.5 and 1.8 with Z = 0.02 and with a high metallicity (Z = 0.05) suggested by the photometric calibrations.
Mode identification
Depending on the models and non-adiabatic treatments (TDC or FC), different theoretical amplitude ratios and phase differences are obtained. All these models identify without any doubt f 1 as a radial mode and f 2 as an = 1 mode. This mode identification does not depend on the initial choice of the model and is therefore reliable.
As an illustration of this mode identification, we give in Fig. 5 (four left panels) the confrontation between the theoretical and observed amplitude ratios (top panels) and phase differences (bottom panels), as obtained with our TDC1 treatment, for two different models fitting f 1 as the p 1 mode (left) or the p 2 mode (right). For all the models of Fig. 5 , we used FST atmospheres. For f 3 and f 4 , the observational error bars are larger. We did not find a model fitting at the same time the amplitude ratios and phase differences for the four modes of V784 Cas. In the two right panels of Fig. 5 , we give the comparison between the theoretical amplitude ratios and the phase differences for the TDC1 model 8 and the observations for f 3 and f 4 . We see that f 3 is identified most likely as a radial mode, while f 4 could be an = 2 or an = 3 mode. In Table 3 , we give a summary of the mode identification. Given the uncertainties on the global parameters of V784 Cas, it is not possible to know whether f 1 is the fundamental or the first overtone. Confrontation with the observed amplitudes and phases does not help to discriminate between these Table 3 . Mode identification for the four frequencies of V784 Cas. two possibilities, as shown by the four left panels of Fig. 5 . The row 'p 1 fit' ('p 2 fit') of Table 3 gives the radial orders of the different modes if f 1 is considered as the fundamental radial mode (the first overtone).
Results obtained with different convection models
We now compare the results obtained with different convection models. In Table 4 , we give the discriminants (square roots of equation 3) obtained for the four frequencies of V784 Cas. In columns 2-5, we give the index of the model in Table 2 , the mass, the mixing-length parameter and the metallicity. In column 6, we give the radial order of the mode fitting f 1 . In column 7, we give the treatment of convection in the atmosphere. In column 8, we give the adopted treatment of convection-pulsation interaction in the interior. χ 1,0 is the discriminant for f 1 , considering it as a radial mode; χ 2,1 is the discriminant for f 2 , considering it as an = 1 mode; χ 3,0 is the discriminant for f 3 , considering it as a radial mode; χ 4,2 is the discriminant for f 4 , considering it as an = 2 mode and χ 4,3 is the discriminant for f 4 , considering it as an = 3 mode. As the error bars for the f 1 frequency are by far the lowest, the models with smallest values of χ 1,0 can be considered as the models giving the best agreement with observations. Rows 1-4 of Table  4 give the best models obtained using FST atmospheres. All these best models were obtained with TDC treatment. Rows 5-8 give the results obtained for the same models but with MLT atmospheres. For V784 Cas, the results obtained with the two types of atmosphere models are not very different. We note that solar metallicity is used in all the FST atmospheres, while the MLT atmosphere of model 5 (row 7) is with [M/H] = 0.5, which agrees better with observations. Rows 4-9 to 11 give the 1.8 M TDC1 results obtained with different values of the mixing length parameter α. As shown in Section 3, the TDC results are not very sensitive to α, the best ones correspond to α = 1.8 (solar calibrated value). Rows 12-14 give the results for the same models but with the TDC2 treatment. Comparison with rows 9-11 shows that the inclusion of the turbulent pressure and dissipation rate of turbulent kinetic energy perturbations does not significantly change the results. Rows 7 and 15-17 give the results obtained with Z = 0.05 (as suggested by the photometric calibration). We see that the results are less sensitive to the metallicity than to α and T eff . Rows 2 and 18-20 give the results obtained fitting f 1 as the p 2 radial mode (instead of p 1 ). The confrontation with the observed amplitudes and phases does not allow to determine whether f 1 is the p 1 or the p 2 radial mode. Rows 21-26 give the results obtained with FC treatment. For f 1 , we see that the discriminants are much larger with FC treatment than with TDC treatment. This shows that TDC results agree better with observations than FC ones (see also Fig. 5 ). As shown in Section 3, TDC and FC results are the closest for small α. For the = 1 mode (f 2 ), the agreement with observations is better for FC models, but the observational error bars are much larger for this mode and TDC results remain in relatively good agreement with observations. We note that V784 Cas was observed simultaneously in photometry and spectroscopy (Kiss et al. 2002) . However, there are not enough radial velocity measurements to determine the amplitudes and phases of each individual mode. A simple look at fig. 7 of Kiss et al. (2002) shows that the light and velocity curves are approximately in opposite phase, in agreement with our TDC results. Finally, we remark that no constraints can be deduced from the mode excitation. For all the models we have considered, all the modes are predicted to be unstable in the range of observed frequencies.
f 1 /f 3 frequency ratio
The frequencies f 1 and f 3 of V784 Cas are identified as radial modes. We compared the theoretical ratios of radial modes with different n to the observed ratio f 1 / f 3 = 0.594439, for many models with metallicities 0.02 Z 0.05, hydrogen mass fraction 0.65 X 0.75 and core overshooting parameter 0 α ov 0.25. The models fitting f 1 as the fundamental radial mode and f 3 as the second overtone give 0.6166 f p 1 / f p 3 0.620. The lowest frequency ratios are obtained for models with high X and Z. The models fitting f 1 as the first overtone and f 3 as the fourth overtone give 0.569 f p 2 / f p 5 0.5706. We see that the theoretical frequency ratios are poorly sensitive to the global parameters of the model and none of the theoretical results agree with the observed frequency ratio (0.5944). Suarez (2002) and Suarez et al. (in preparation) show that the frequency ratios of radial modes predicted by models taking the effect of rotation into account are different from the case without rotation. Helium diffusion was discussed as another possible explanation for unusual (high) first overtone to fundamental period ratios (Cox, McNamara & Ryan 1984; Guzik & Cox 1991) . In future works we will analyse whether rotation and/or diffusion is able to explain the observed frequency ratios of V784 Cas.
1 Monocerotis
1 Monocerotis (Mon) (HD 40535) is a δ Sct star with three clearly observed frequencies: f 1 = 7.346146 c/d, f 2 = 7.475268 c/d and f 3 = 7.217139 c/d (Balona & Stobie 1980) . Balona et al. (2001) observed this star simultaneously in the Strömgren uvby and Cousins I photometry and in high-dispersion spectroscopy, which is of particular interest for our study. They identified f 1 as a radial mode and f 2 as most likely ( 2 , m 2 ) = (1, −1). Smalley (1993) . e Profile fitting based on the Hβ line and f the Hα line is taken from Solano & Fernley (1997) . g The luminosity is deduced from the Hipparcos parallax (Balona et al. 2001) . h v sin i determination is taken from Solano & Fernley (1997) . Table 6 . Global parameters of some of the theoretical models considered for 1 Mon. Models 1-7 fit f 1 as the fundamental radial mode and models 8-10 fit f 1 as the first overtone. 
Global parameters and equilibrium models
The observed global parameters of 1 Mon obtained with different calibrations are given in Table 5 . There is no abundance determination for this star. In Table 6 , we give the global characteristics of some of the equilibrium models we considered for 1 Mon. As we will confirm in this study, the main frequency f 1 = 7.346146 c/d is clearly identified as a radial mode. However, because of the global parameter uncertainties, it is not clear if it is the fundamental mode or the first overtone. For each evolutionary sequence considered in our study, we selected the model fitting exactly f 1 as the fundamental radial mode and the colder model fitting exactly f 1 as the first radial overtone, which gives two families of models: in Table 6 , models 1-7 fit f 1 as the p 1 radial mode and models 8-10 fit f 1 as the p 2 mode. All the models of Table 6 have X = 0.7, Z = 0.02 and core overshooting α ov = 0.2. We considered models with different values of the ML parameter α: 0.5, 1, 1.5 and 1.8.
Mode identification
For 1 Mon, observations in the Strömgren uvby and Cousins I (infrared) passbands are available along with simultaneous observations in high-dispersion spectroscopy. This enables to identify the modes with a higher degree of confidence. From the observations of Balona et al. (2001) , only the two frequencies f 1 = 7.346146 c/d and f 2 = 7.475268 c/d have sufficiently precise amplitudes and phases for mode identification, and we consider only these two frequencies in our study. Depending on the models and non-adiabatic treatments (TDC or FC), different theoretical amplitude ratios and phase differences are obtained. In our study of 1 Mon, we have used the atmosphere models of Kurucz (1993) for the determination of the quantities α T λ , α gλ , . . . of equation (1). All our models (TDC and FC) identify f 1 as a radial mode and f 2 as an = 1 mode.
As an illustration of this mode identification, we give in Fig. 6 the confrontation between the theoretical and observed photometric amplitude ratios (top panels), photometric phase differences (middle panels) and phase differences between magnitude variation and radial displacement (bottom panels), for different models of 1 Mon. The six left panels give the results obtained with TDC treatment including the perturbation of convective flux and the six right panels give the results obtained with FC treatment. Index of the models is given at the top of the panels, according to Table 6 . As said before, it is not clear if f 1 is the fundamental mode or the first overtone, we consider thus the two cases. We see that the confrontation with the observed phases gives a slightly better agreement for model 10 (p 2 fit) than for model 5 (p 1 fit), but in view of the error bars, we do not consider this as enough to discriminate between these two possibilities. We note that our models are not able to give a good agreement with the observed phase in the u filter. Photometric mode identification based on TDC models is better than with FC; however in the case of 1 Mon it appears that both TDC and FC give the same in pure photometry (see top and middle panels of Fig. 6 ). Balona et al. (2001) also did a photometric mode identification of f 1 and f 2 , using the non-adiabatic code of Dziembowski (1977) , which does not include TDC. They also performed a spectroscopic mode identification (based on the line profile variations). Both mode identifications of Balona et al. (2001) are compatible with ours.
Results obtained with different convection models
We now compare the results obtained with different convection models. As 1 Mon has been observed simultaneously in multi-colour photometry and in spectroscopy, we can define different discriminants for the confrontation between theory and observations. First, we use the photometric discriminant defined by the square root of equation (3). For this discriminant, we use the y filter as reference (as in Fig. 6 ) because the amplitudes and phases are subject to more theoretical uncertainties at smaller wavelengths. Secondly, we use another discriminant for the confrontation between the theoretical and observed phase differences between the magnitude variations and the radial velocity curve. This discriminant is defined as follows:
where N + 1 is the number of filters, φ t i,V and φ o i,V are the theoretical and observed phase differences between the magnitude variation in filter i and the radial velocity variation and σ φi,V are the standard errors for the observed phase differences. χ V gives the best discrimination between the different convection models, because φ t i,V is closely related to the phase lag ψ T , which is very sensitive to the convection treatment (see Fig. 1 ).
In Table 7 , we give the values obtained for these discriminants for different models. In column 2, we give the index of the model whose global parameters are given in Table 6 . In column 3, we give the adopted treatment of convection-pulsation interaction. Then, we give the different discriminants. χ V 1,0 is the magnitude-velocity discriminant (equation 4) for f 1 , considering it as a radial mode; χ V 2,1 is the magnitude-velocity discriminant for f 2 , considering it as an = 1 mode; χ 1,0 is the photometric discriminant (equation 3) for f 1 , considering it as a radial mode; and χ 2,1 is the photometric discriminant for f 2 , considering it as an = 1 mode. Rows 1-4 of Table 7 give the models that agree best with observations. All these models were obtained with TDC treatment. Some are with small α (models 10 and 3, α = 0.5), others with larger α (model 5, α = 1.5).
Model 10 fits f 1 as the first radial overtone while models 3 and 5 fit f 1 as the fundamental radial mode. Therefore, present observations do not allow to discriminate between these possibilities. Rows 1, 5 and 6 give the 2.1 M , p 2 fit results obtained with different values of the mixing length parameter α, taking the perturbation of convective flux into account (TDC1). Rows 2, 7 and 8 give the results for the same models, but taking also the perturbation of turbulent pressure and dissipation rate of turbulent kinetic energy into account (TDC2). Rows 3, 9 and 10 give the 1.95 M , p 1 fit results obtained with different α and TDC1 treatment. For the 1.95 and 2.1 M models, the best agreement is found with α = 0.5. Rows 4, 11, 12 and 13 give the 2.05 M , p 1 fit results obtained with different α and TDC1 treatment. We see that for this mass, the best agreement is obtained with α = 1.5. Rows 14-22 give the results obtained for the same models but with FC treatment. In the case of 1 Mon, considering only the photometric amplitudes and phases does not allow to reject the small α FC results compared to the TDC results. But for the magnitude-velocity phase lags, the TDC results agree much better with observations than the FC ones, as shown by the discriminants χ V 1,0 and χ V 2,1 and the bottom panels of Fig. 6 . In agreement with the general discussion in Section 3, TDC and FC results are the closest for small α.
Other possible constraints
No constraint can be deduced from the mode excitation. For all the models we have considered, all the modes are predicted to be unstable in the range of observed frequencies. For the comparison between the theoretical and observed frequencies, the present observations are not sufficient to give more constraints on the models. In our study, we have already used the information given by f 1 : all our selected models fit f 1 exactly, either as the fundamental radial mode or as the first overtone. Concerning f 2 , it is identified as an = 1 mode and the spectroscopic mode identification of Balona et al. (2001) indicates that its azimuthal order is m = −1. As the other components of the triplet are not observed and the inclination angle is not known with sufficient precision, we
can not yet use this frequency to constrain the model.
28 Andromedae
28 Andromedae (And) (HD 2628) is a δ Sct star known to show extreme amplitude changes. It has a main pulsation frequency f 1 = 14.4292 c/d. Rodriguez et al. (1993) obtained precise Strömgren photometric amplitudes and phases, and 5 years later, Rodriguez et al. (1998) found the amplitude to be 19 times less. Rodriguez et al. (1998) also revealed the existence of a secondary frequency f 2 = 17.23 c/d.
Global parameters and equilibrium models
The observed global parameters of 28 And obtained from photometry and spectroscopy are given in Table 8 . In Table 9 , we give the global characteristics of some of the theoretical models we considered for 28 And. As we will show in this study, the main frequency f 1 = 14.4292 c/d is a non-radial mode. As its azimuthal order m is unknown, trying to fit this frequency would be useless. We therefore computed several equilibrium models in the observational error box, without frequency based constraint, as given in Table 9 . All these models have X = 0.7, Z = 0.02 and core overshooting α ov = 0.2. We considered models with different values of the ML parameter α: 0.5, 1, 1.5 and 1.8.
Mode identification
In this section and in Section 4.3.3, we consider the multi-colour photometric amplitudes and phases given by Rodriguez et al. (1993) for the confrontation with observations. We computed the theoretical amplitude ratios and phase differences for all the models given in Stütz & Nendwich (2002) and c Smalley (1993) . d Hγ profile fitting using MLT and e Canuto & Mazzitelli convection models are taken from Adelman et al. (2000) . f Detailed abundances determination was performed by Adelman et al. (2000) . g v sin i determination is taken from Solano & Fernley (1997) . Table 9 and it clearly appears that the main mode of 28 And is nonradial, which is somehow unusual for mono-periodic δ Sct stars. Confrontation with observations shows that it is probably an = 2 mode, which could be p 1 or p 2 depending on the model. As an illustration of this mode identification, we give in the four left panels of Fig. 7 , the TDC amplitude ratios and phase differences obtained for two models with α = 1.5 and α = 1. The α = 1.5 model is in very good agreement with observations. The right panels of Fig. 7 show that the FC amplitudes and phases do not agree with observations. For all the models of Fig. 7 , we used FST atmospheres.
Results obtained with different convection models
In Table 10 , we give the discriminants (square roots of equation 3) obtained for different . In column 2, we give the index of the model whose global parameters are given in Table 9 . In column 3, we give the convection treatment in the atmosphere model. In column 4, we give the adopted treatment of convection-pulsation interaction. Then, we give the discriminants, first for = 2 which gives the best agreement with observations, and then for other (0, 1 and 3). Rows 1-4 of Table 10 give the best models obtained using FST atmospheres. All these best models were obtained with TDC treatment. Rows 5-8 give the results obtained for the same models but with MLT atmospheres. Rows 9-14 give the TDC1 results obtained for 2.0 and 2.1 M models with different values of the mixing length parameter α. As shown in Section 3, the TDC results are not very sensitive to α, for 28 And the best agreement with observations is found with α = 1.5. Rows 15-18 give the results obtained with FC treatment. Comparing the TDC and FC results shows that TDC results agree more closely with observations than FC ones. TDC and FC results are the closest for small α. Finally, we remark that no constraints can be deduced from the mode excitation. For all the models we have considered, all the modes are predicted to be unstable in the range of observed frequencies.
Amplitudes and phase changes between the 1991 and 1996 seasons
The amplitudes of 28 And diminished by a factor of 19 between 1991 and 1996, without any significant frequency change (Rodriguez et al. 1993 (Rodriguez et al. , 1998 . We compared the photometric amplitude ratios and phase differences of the two seasons and give them in Fig. 8 . In the same figure, we also give the theoretical results for our best model (model 2, TDC1 treatment of convection). There is a significant difference in the observed amplitude ratios and phase differences between the two seasons; these changes cannot be explained by our models -we cannot be completely sure that we are seeing the same mode, but there is no clear indication that we are seeing a different one. Amplitude changes are often interpreted as the effect of nonlinear coupling with another mode with close frequency. It would be interesting to examine in future work if such coupling can explain the case of 28 And.
C O N C L U S I O N S
Mode identification is a key step in any asteroseismic study. In this paper, we have presented the details of the significant improvement obtained by using TDC non-adiabatic models for the photometric mode identification in δ Sct stars. The treatment of convection plays a major role in the theoretical determination of the photometric amplitude ratios and phase differences. Therefore, comparison with observations enables us to constrain the convection treatment adopted in the equilibrium models as well as the treatment of the non- adiabatic interaction between convection and pulsation, a method we call non-adiabatic asteroseismology. We applied this method to the three stars V784 Cas, 1 Mon and 28 And.
For V784 Cas, we identified the four modes as 1 = 0, 2 = 1, 3 = 0 and 4 = 2 or 3. The best agreement between the theoretical and observed photometric amplitude ratios and phase differences was obtained for TDC models with α 1.8 (solar calibrated value). FC results do not agree with observations. Theoretical results with high metallicity agree slightly better with observations than those with solar metallicity. It is not yet possible to determine whether the main frequency is the fundamental radial mode or the first overtone. Also, it is not yet possible to obtain an agreement between the theoretical and observed frequency ratios f 1 / f 3 .
For 1 Mon, we identified the two main modes as 1 = 0 and 2 = 1, confirming the results of Balona et al. (2001) . Main differences between TDC and FC results appear in the phase lag between the photometric magnitude variations and the velocity curve; the best agreement between theory and observation was obtained for TDC models with different α. The light-velocity phase lags given by FC models do not agree with observations. In agreement with Balona et al.
(2001), we confirm that multi-colour photometry with longer wavelength coverage (here by including Cousins I passband observations), as well as simultaneous photometric and spectroscopic observations significantly improve the mode identification. It is not yet possible to determine if the main frequency of 1 Mon is the fundamental radial mode or the first overtone.
For 28 And, we identified the main mode as an = 2 mode. Very good agreement between the theoretical and observed photometric amplitude ratios and phase differences was obtained for TDC models with α 1.5. FC results disagree with observations. The huge amplitude change between 1991 and 1996 cannot be explained by the present theory.
For these three stars, the largest differences between different convection treatments appear in the phase differences, and TDC results agree better with observations than FC results. Also, the phase differences give more discrimination than the amplitude ratios for the mode identification. It is thus very important to use TDC models for the photometric mode identification and seismic study of δ Sct stars, at least for cold ones with T eff 7500 K. However, our TDC models do not succeed yet in matching at the same time all frequencies, amplitudes and phase differences. Different reasons could explain this. The coupling of the modes due to rotation could affect the amplitude ratios and phase differences and is not included in our models. The effects of rotation and diffusion are not taken into account in our equilibrium models. We are also aware that some uncertainties are still associated with our TDC treatment and that it could be improved, for example, by considering non-local and anisotropic aspects of turbulence and theories more sophisticated than MLT. We will consider this in our future works. In this paper, we presented the mode identification and seismic study of three specific stars. A complete study of many other δ Sct stars will be presented in future works. Also, we will present a more detailed comparison between the results obtained with MLT and FST atmospheres in our future works.
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